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The expansion of farmers and their languages is arguably one of 
the most important processes that took place during Holocene 
human history (Ammerman and Cavalli-Sforza, 2014; Anthony, 
2009; Bellwood and Renfrew, 2002; Kirch, 2000). This process 
brought significant changes in technologies and social and politi-
cal structures, as well as novel landscape management practices 
to the new regions that were colonised. Across the globe, several 
cultural expansions have been associated with climate change, 
whereby climate exerted a control on the extent of landscapes 
favoured by particular cultural groups (e.g. Büntgen et al., 2016; 
Kuper and Kröpelin, 2006). For example, the drought-induced 
reduction in forest cover and the emergence of savanna corridors 
during the middle-Holocene enabled the Bantu to colonise what 
was once dense forest of the Congo and other regions of Africa 
(Grollemund et al., 2015; Oslisly et al., 2013). In central Asia, the 
horse-riding Scythian people capitalised on the transformation of 
hostile desert into steppe, brought about by higher rainfall in the 
last millennium BC (Van Geel et al., 2004). Similarly, the onset of 
more humid conditions in the central Eurasian steppes in the AD 
13th century appears to have triggered the expansion of the larg-
est contiguous land empire in world history, the Mongol empire 
(Pederson et al., 2014).
Similar to the Arawak expansion (Heckenberger, 2002), the 
Tupi–Guarani is one of the largest expansion of an ancient people 
in lowland South America spreading across 4000 km and stretch-
ing from southwestern (SW) Amazonia to the subtropical Atlantic 
coast of southeast (SE) South America (Figure 1). The cause of 
this mass human expansion remains a debated topic in New World 
archaeology, bioarchaeology, genetics and linguistics (Brochado, 
1989; Eriksen and Galucio, 2014; Heckenberger et al., 1998; 
Marrero et al., 2007; Miller, 2009; Neves, 2011; Neves et al., 
2011; Noelli, 1998; Rodrigues and Cabral, 2012; Walker et al., 
2012). Similar to other cases of language spread with farmers’ 
demic diffusion (Diamond and Bellwood, 2003), the explanation 
for the Tupi–Guarani dispersal out of Amazonia has been 
demographic growth propelled by agriculture, coupled with a 
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strong territoriality, long-range political networks, and an expan-
sionist warlike ideology (Brochado, 1989; Noelli, 1998). How-
ever, an explanation relying solely on socio-political and 
economic causes fails to account for either the timing or route of 
the Tupi–Guarani expansion (Scheel-Ybert et al., 2014). Early 
attempts to link climate change with the expansion of the Tupi–
Guarani are based on limited and now outdated palaeoecological 
reconstructions. Drawing on refuge theory (Haffer, 1974; Prance, 
1982) and the available palaeoecological records (e.g. Ab’Saber, 
1977; Absy, 1979), Meggers (1982) and Migliazza (1982) suggest 
that the Tupi–Guarani expansion out of SW Amazonia was a 
response to the onset of drier climatic episodes that reduced the 
forest around 2k cal. yr BP forcing Tupi–Guarani groups to 
migrate to other regions. This scheme was followed by several 
Brazilian archaeologists (e.g. Schmitz, 1991) in their interpreta-
tion of Tupi–Guarani migrations. In a recent review of palaeoeco-
logical data, Neves (2013) called the attention to the correlation 
between a trend of increasing humidity around 3.5k cal. yr BP and 
the spread of economic strategies traditionally denominated the 
‘tropical forest pattern’ across the whole Amazon. Neves (2013) 
suggests that the climate changes that took place between the 
mid- and late-Holocene likely ‘triggered a stronger reliance on 
these diverse agroforestry systems and the establishment of 
large sedentary settlements across the area’. However, this study 
restricted to Amazonia did not link the increased climatic humid 
conditions with the migration of populations either within or out-
side of Amazonia. More recently, Bonomo et al. (2015) carried 
out the latest synthesis of the nature and pace of the Guarani 
expansion SE South America. Based on a couple of geomorpho-
logical studies (Iriondo and Garcia, 1993; Stevaux, 2000), these 
authors played down the role of climate in the expansion of the 
Guarani in SE South America by stating that ‘The climatic oscil-
lations during this period do not appear to have a strong influence 
on the identified pulses of Guarani expansion, which transcends 
dry, warm, and humid moments’. Furthermore, they do not con-
nect the expansion of the Guarani in the Rio de la Plata basin to 
their SW Amazonia homeland.
Despite the relative wealth of palaeoclimate, palaeoecological 
and archaeological data from this region of lowland South America 
that have accumulated during the last three decades, until now, the 
relationship between the expansion of this linguistic family of for-
est farmers and climate change out of Amazonia has not been ade-
quately explored in the light of recent data. As a result, although the 
fine-scale pattern of the Tupi–Guarani settlement in SE South 
America is coming into sharper focus (Bonomo et al., 2015), the 
potential role of climate change as the root cause of the continental-
scale Tupi–Guarani expansion has never been properly evaluated.
Materials and methods
To assess the role of climate in the expansion of the Tupi–Guarani 
out of Amazonia, we have marshalled archaeological, palaeocli-
mate and palaeoecological datasets to test our hypothesis that 
increasing late-Holocene precipitation drove forest expansion, 
which in turn facilitated the expansion of the Tupi–Guarani cul-
ture from SW Amazonia across SE South America. We do this by 
synthesising data from 197 dated archaeological sites from the 
Guarani, who represent the southernmost branch of the Tupi–
Guarani family (Figure 2, Section S1, Tables S1 and S2, available 
online), 3 representative palaeo-precipitation records (Figure 2, 
Section S2, available online) and 73 palaeoecological records 
(Figure 2, Section S3, Tables S3–S6, available online). Because 
all these records lie within the path of the South American Low-
Level Jet (SALLJ) (Figure S1, available online), the key mecha-
nism for moisture transport across lowland South America, we are 
able to explore the relationship between climate change, forest 
expansion and Guarani expansion.
Results
Evidence for the Guarani expansion
The Tupían linguistic stock is one of the largest of lowland South 
America. It consists of around 60 languages grouped into 10 lin-
guistic families, of which the Tupi–Guarani family is the most 
widely dispersed – being the only one extending beyond Amazo-
nia (Rodrigues and Cabral, 2012) (Figure 1 and Figure S2, avail-
able online). At the time of the Portuguese arrival to the Brazilian 
coast (AD 1500), Tupi–Guarani speakers numbered in the mil-
lions (Viveiros de Castro, 1992). In the La Plata Basin and the 
whole of the Brazilian Atlantic Coast, they occupied a riverine 
and coastal network spanning over 4000 km, and Tupi–Guarani-
based lingua francas were still widely used in Brazil as recently as 
the 19th century (Noelli, 1998; Walker et al., 2012).
In SE South America, the historically recorded Tupi–Guarani 
groups were organised in regional chiefdoms constituted by con-
federacies of villages under the influence of a prominent political 
or spiritual leader (Milheira and DeBlasis, 2014; Noelli, 1998). 
War expeditions travelled hundreds of kilometres through major 
waterways to attack enemies, conquer territories, capture women, 
and, in some cases, enslave the defeated (Brochado, 1989; San-
tos-Granero, 2009). The strong bellicose ethos and predatory cos-
mology of the Tupi–Guarani included anthropophagic ritual 
feasting, which had a large social significance as a means of status 
acquisition until colonial times (Brochado, 1989; Fausto, 2012; 
Milheira and DeBlasis, 2014; Viveiros de Castro, 1992). Unlike 
other Amazonian language expansions that appear to have spread 
through trade and a pacific ethos (e.g. Arawak), historical Tupi–
Guarani groups have long been perceived as inclined towards 
expansion and conquest (Hornborg et al., 2005).
The Tupi–Guarani lived in large palisaded villages (Figure 3), 
with almost all archaeological sites situated in forests close to 
navigable rivers (Scheel-Ybert et al., 2014). Management of for-
ests was a key component of the Tupi–Guarani economy, includ-
ing the introduction of plants to prepare the environment before 
their definitive annexation of a newly settled area (Noelli, 1998). 
Figure 1. Historical distribution of the languages of the Tupi–
Guarani family (red) and other families of the Tupían stock (shades 
of purple). Languages of the Group I (Guarani) are outlined in 
yellow. The map shows the Tupían mosaic zone characterised by 
high linguistic diversity resulting from a long period of uninterrupted 
divergence in the purported homeland of the stock originating in 
SW Amazonia and the Guarani spread zone, illustrating how this 
single language family rapidly dispersed over SE South America 
replacing previous languages.
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They practised agroforestry polyculture, complemented with fish-
ing, hunting and gathering (Noelli, 1998; Scheel-Ybert et al., 
2014) and their expansion marks the widespread adoption of agri-
culture in SE South America, bringing with them 24 varieties of 
manioc (Manihot esculenta), 13 varieties of maize (Zea mays), 15 
varieties of beans (Phaseolus vulgaris) and 21 varieties of sweet 
potato (Ipomoea batatas), among many other cultivated plants 
(Brochado, 2001; Noelli, 1993). The distribution of sites indicates 
that the Tupi–Guarani did not select a particular type of forest, but 
expanded on a variety of forest types including close canopy trop-
ical forest, dry forest and gallery forest. It appears that the deter-
mining factor for the Tupi–Guarani colonisation is the presence 
of a tree cover for practising agroforestry. Linguistic evidence 
indicating the presence of reflexes of the same name for 
‘cultivated patch of land’ in 9 of the 10 linguistic families of the 
Tupi stock suggests that the speakers of the Proto-Tupi language 
practised agriculture reinforcing the idea that this was an agricul-
tural expansion (Rodrigues, 2010). This argument is further 
strengthened by the presence of similar names for agricultural 
tools such as digging stick and axe, as well as major crops includ-
ing manioc, sweet potato and yams in nearly all linguistic families 
of the stock (Rodrigues, 2010).
Despite the paucity of archaeological data in SW Amazonia 
(Macario et al., 2009), this region is considered to be the centre of 
origin of the Tupían stock, based upon linguistic (Miller, 2009; 
Rodrigues and Cabral, 2012; Walker et al., 2012), cranial morpho-
logical (Hubbe et al., 2014; Neves et al., 2011) and genetic data 
(Marrero et al., 2007; Santos et al., 2015). Five of the 10 families 
of the Tupían stock are restricted to the modern state of Rondônia, 
Brazil (Eriksen and Galucio, 2014). It has long been recognised 
that such depth of ethnolinguistic diversity points to SW Amazo-
nia as the homeland of the Tupían stock (Eriksen and Galucio, 
2014; Rodrigues and Cabral, 2012; Walker et al., 2012). Linguists 
estimate that the Tupían stock initially split between 5k and 3k cal. 
yr BP, after which the Tupi–Guarani family split around 3k–2k cal. 
yr BP (Migliazza, 1982; Rodrigues and Cabral, 2012; Walker 
et al., 2012). Similarly, genetic data support SW Amazonia as the 
purported place of origin of the Tupían groups (Marrero et al., 
2007; Santos et al., 2015). Analyses of variability in autosomal and 
uniparental (Y-chromosome and mtDNA) genetic markers show 
agreement with the linguistic models, evidencing an early expan-
sion from the Madeira–Guaporé basin and a later continent-wide 
population spread associated with the Tupi–Guarani (Santos et al., 
2015) ca. 2.8k cal. yr BP (Amorim et al., 2013). Cranial morpho-
logical data also demonstrate that individuals from Tupi–Guarani 
archaeological contexts in SE South America are grouped more 
closely with the Amazonian series than with the local populations 
(Neves et al., 2011).
Archaeologically, the expansion of Tupi–Guarani groups 
throughout eastern lowland South America coincides with the dis-
tribution of polychrome pottery, which is very distinctive from 
local traditions, but has prototypes in Amazonia (Bonomo et al., 
2015; Brochado, 1989; Noelli, 1998). In spite of their expansion 
over thousands of kilometres, Tupi–Guarani sites show remarkably 
homogeneous material culture and settlement patterns character-
ised by the occurrence of anthropogenic dark earth located along 
major waterways associated with riverine forests (Bonomo et al., 
2015; Scheel-Ybert et al., 2014). In historical times, Tupi–Guarani 
groups of SE South America were superb canoe navigators, which 
eased their dispersal along major waterways (Brochado, 1989).
Central Amazonia was initially thought to be the cradle of poly-
chrome ceramics (Brochado, 1989), but recent archaeological data 
show that polychrome ceramics are a recent dispersal in that area, 
Figure 2. Map of study area showing modern vegetation 
(Olson et al., 2001), locations of 1181 Guarani and Proto-Tupi 
archaeological sites (see Tables S1 and S2, available online), 
palaeoecological sites (see Table S6, available online) and 
palaeoclimate sites, including (1) Lake Titicaca, (2) Laguna La Gaiba 
and (3) Botuverá Cave (Section S2, available online). Isochrones 
show the time-transgressive movement of the Guarani culture  
(k = k cal. yr BP).
Figure 3. Historical depictions of Tupi–Guarani palisaded villages: (a) Spanish attack on a Guarani village, Paraguay river (Schmidl, 1599 [1567]) 
and (b) war among the Tupinambá, Rio de Janeiro coast (Staden, 1557).
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and too late to be related to the Tupi–Guarani expansion (Hecken-
berger et al., 1998). The Upper Madeira, SW Amazonia, is pres-
ently the area with the earliest polychrome ceramics and 
anthropogenic dark earths (Neves, 2011), with dates of 5k–3k cal. 
yr BP for ceramic sites in this region (Table S1, available online), 
coinciding with the glottochronological estimates for the initial 
split of the Tupían stock. Beyond Amazonia, ceramics recognisable 
as Tupi–Guarani appear from 3k to 2k cal. yr BP (Bonomo et al., 
2015; Brochado, 1989; Macario et al., 2009; Noelli, 1998) (Table 
S2, available online), in agreement with linguistic estimates.
This expansion took place at a time of widespread cultural 
change towards increasingly complex societies and the spreading 
of linguistic families across lowland tropical South America, 
including the Arawak (Clement et al., 2015; Heckenberger, 2002) 
and the Jê (Noelli, 2005). This is also a time when lowland societ-
ies began to transform the landscape at a scale not seen before. 
Extensive agricultural landscapes, such as raised-field systems in 
seasonally flooded savannas, began to be built from French Gui-
ana to the Llanos de Moxos in Bolivia, while Amazonian Dark 
Earths, possibly associated with sedentism and intensive agricul-
ture, appeared mainly along the bluffs of major rivers in Amazo-
nia (Arroyo-Kalin, 2010; Heckenberger and Neves, 2009; Neves, 
2011).
It is clear that, despite the lack of crucial archaeological data 
in the Upper Guaporé River and the Cerrado connecting SW 
Amazonia to SE South America, current linguistic, genetic, cranial 
morphological and available archaeological data suggest that the 
Tupi–Guarani family split and began to spread southwards from 
Amazonia to SE South America (Figures 2 and 4) by about 3k–2k 
cal. yr BP (Bonomo et al., 2015; Noelli, 1998; Rodrigues and 
Cabral, 2012). The archaeological data (Figures 2 and 6c) show 
that the Tupi–Guarani expanded beyond the ‘mosaic zone’ (Bell-
wood and Renfrew, 2002) of SW Amazonia to reach the ‘spread 
zone’ (Figure 1) of this linguistic family in SE South America by 
about 2.5k cal. yr BP, giving rise to the Guarani Tradition south of 
the 17°S parallel (Bonomo et al., 2015; Noelli, 1998).
Routes of expansion
Unlike their ancestors, who occupied interfluvial areas, the expan-
sion of the Guarani out of Amazonia exclusively followed major 
rivers (Almeida and Neves, 2015). Archaeology is beginning to 
show that Tupi–Guarani groups in the Amazon basin were living in 
smaller, possibly less permanent interfluvial villages, facing the 
competition of Arawak settlers in the varzeas. It is only when the 
Tupi–Guarani expanded outside Amazonia towards the Paraná 
basin and the Atlantic coast that the pattern of large fortified villages 
along major waterways, expansive warfare, and conquest appears to 
have taken hold (Almeida, 2015; Almeida and Neves, 2015).
Regardless of debates about the specific routes taken by the 
various Tupi–Guarani groups in their expansion throughout South 
America, there is general agreement that the upper Paraguay and 
Figure 4. Archaeological and palaeoecological data at 0.5k cal. yr BP (500 year) time slices from 4k to 2k cal. yr BP (see Sections S1 and S2 
and Movie S1 for visualisation in motion, available online). Maps of modern vegetation (Olson et al., 2001).
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Paraná rivers served as the main waterway routes for the south-
ward spread of the Guarani from their homeland in SW Amazonia 
(Brochado, 1989; Noelli, 1998). The most widely accepted river-
ine route for the southward expansion of the Tupi–Guarani passes 
through the Upper Madeira–Guaporé river, bordering the Llanos 
de Moxos, to reach the Upper Paraguay river in the vicinity of the 
Pantanal wetland, from where the Guarani could spread, via major 
fluvial courses, to the whole La Plata Basin and the adjacent coast 
(Brochado, 1989; Noelli, 1998). This proposed route is supported 
by the proximity of the Guarani to languages of Bolivia (Guarayu 
and Siriono) (Brochado, 1989; Noelli, 1998) and because Guarani 
archaeological ceramics include forms and decorations (conical 
corrugated jars) acquired from eastern Bolivian traditions (Bro-
chado, 1989). Unfortunately, although several Guarani sites have 
been documented in the Upper and Middle Paraguay river, they 
have not yet been dated (Bonomo et al., 2015) and at present the 
Upper Paraná holds the earliest dates. Future research in the region 
between the western border of the Pantanal and the Upper Gua-
poré will be crucial to fill the gap between the Tupían homeland in 
SW Amazonia and the beginning of the Guarani tradition in the 
Upper Paraguay river (Noelli, 1998).
Riverine gallery forests of the Llanos de Moxos savanna wet-
land and the Gran Chaco scrub may have also served as key 
routes of expansion for the Guarani out of Amazonia towards the 
Paraguay–Paraná system. Like the Amazon River system, the La 
Plata Basin comprises a network of huge rivers that constituted a 
major avenue for communication among different pre-Columbian 
groups that had watercraft. There are no important geographical 
barriers that separate these two large river systems. Therefore, the 
annual inundation of the Llanos de Moxos and Pantanal basins 
merges the watersheds of the Rio Madeira and the Rio Paraguay 
into a vast ‘freshwater sea’, opening up a network of waterways 
extending far south to the Rio de la Plata estuary.
Another potential route of expansion may have been via the 
Cerrado. One might expect that the extensive Cerrado (savanna) 
biome of south-central Brazil (covering ca. 2,000,000 km2), which 
separates the Amazonian and Atlantic forest biomes (Figures 2 and 
4), would present a major environmental barrier to the Guarani cul-
ture reaching the Atlantic Forest biome of SE Brazil. However, 
when considered at finer spatial scales, the Cerrado biome is not a 
uniform expanse of savanna, but instead a highly heterogeneous 
forest–savanna mosaic. The savanna is confined to highly infertile 
soils and is interspersed with islands of semi-deciduous tropical 
forest on mesotrophic soils and extensive ribbons of riverine gal-
lery forest which connect with both Amazonian and Atlantic Forest 
biomes. More recently, Almeida and Neves (2015) have hypothe-
sised an eastern Amazonian origin for the Tupi–Guarani; however, 
the Tupi–Guarani dates in eastern Amazonian are contemporane-
ous with the Guarani dates on the Upper Paraná, therefore, refuting 
this hypothesis until more research is carried out. Last but not least, 
we should not discard the possibility that a few founder populations 
‘leapfrog’ (sensu Fiedel and Anthony, 2003) from SW Amazonia to 
the Atlantic Forest, where they found the perfect niche and started 
their expansion from there. This hypothesis is supported by the 
relatively early chronology of the Morro Grande site in Rio de 
Janeiro state, which belongs to the Tupinamba Tradition and dates 
back to around 2.9k cal. yr BP (Macario et al., 2009; Scheel-Ybert 
et al., 2008). The probability that this initial long-distance leap may 
also have been followed by later subsequent expansion episodes 
from this region as forest expanded across SE South America 
should also be taken as a testable hypothesis for future studies. 
However, at the moment, this argument leaves unexplained how 
the earliest Guarani sites appear in the Upper Paraná River and not 
in the Atlantic forest as this scenario would predict.
Regardless of the particular mechanism or route they took, once 
they arrived in the upper La Plata Basin, several waves of expan-
sion of the Guarani across SE South America can be clearly 
identified with current data: (1) ca. 2.5k–2k cal. yr BP, onset of 
colonisation of the Upper Paraná river; (2) ca. 2k–1.5k cal. yr BP, 
settlement along the Uruguay river; (3) ca. 1.5k–1k cal. yr BP, onset 
of colonisation of the Southern Brazilian coast; and (4) after ca. 1k 
cal. yr BP, establishment of the southernmost Guarani settlements 
in the Paraná Delta (Bonomo et al., 2015) (Figures 2 and 4, Movie 
S1, available online). This expansion conforms to a dendritic pat-
tern, whereby the first settlements in a newly colonised area always 
occurred along major forested waterways. It was only after the 
occupation of these preferred environments had been consolidated 
that colonisation of small tributaries ensued (Bonomo et al., 2015). 
The southward movement from Amazonia across SE South Amer-
ica represents a process of expansion, rather than migration, 
because daughter villages branched out of over-populated parent 
villages while maintaining interaction and social ties with them, so 
that old territories were never abandoned. This process resulted in 
an expanding radius of village networks through gradual popula-
tion waves following the major forested river courses (Noelli, 
1998). It has been well-documented in the Pardo river valley, Rio 
Grande do Sul, where it has been clearly shown that the earliest and 
larger sites occupy the fertile floodplain, whereas the latest sites are 
smaller and located in higher elevations (Rogge, 2005).
Evidence for climate-driven forest expansion in the 
Holocene
Most of the rainfall in the southern hemisphere tropics of South 
America is seasonal and monsoonal in character. During the aus-
tral summer, the SALLJ (Zhou and Lau, 1998) transports mois-
ture generated by deep convection in the core of the Amazon 
basin south-westwards towards the foothills of the Andes. From 
here, it is deflected along the eastern flank of the Bolivian Andes 
along a diagonal path towards southern Brazil, where it exits the 
continent at the South Atlantic convergence zone (Figure S1, 
available online).
Palaeoclimate records in the regions influenced by the SALLJ – 
Lake Titicaca (the Altiplano) (Baker et al., 2001), Laguna La Gaiba 
(the central lowlands) (Whitney and Mayle, 2012) and Botuverá 
Cave (southern Brazil) (Cruz et al., 2005) – all demonstrate a consis-
tent long-term trend of increasing precipitation starting during the 
mid-Holocene (~6k cal. yr BP), showing a rapid rise up to 4k cal. yr 
BP, and then continued to increase slightly towards the present (Fig-
ure 6a, Section S2, available online). This trend has been attributed 
to a progressive strengthening of the monsoon over this period as 
orbital forcing (precession cycle) increases austral summer insola-
tion (Figure S1, available online) (Berger and Loutre, 1991). Mod-
elled rainfall from Hadley Centre climate model (HadCM3) 
simulations covering the last 6k cal. yr BP (Section S2 and Figure 
S4, available online) is in line with these palaeoclimate reconstruc-
tions and demonstrates that the palaeoclimate proxy data reflect cli-
mate change across our study area as a whole. Our palaeovegetation 
data syntheses (Figure 6b) show that, despite some variability in the 
spatio-temporal pattern of forest dynamics among sites – due to a 
range of factors, such as the diversity of vegetation types (Figure 2), 
distance from an ecotone (Mayle et al., 2000), pollen catchment size 
(Carson et al., 2014), geomorphology, edaphic conditions, degree of 
human impact (Carson et al., 2014) – the proportion of sites with a 
forest-dominated catchment increases consistently through the mid–
late-Holocene, between around 5k and 1k cal. yr BP (Figures 4–6b, 
Movie S1, available online). This is exemplified by (1) the expan-
sion of the southern Amazon rainforest margin (Carson et al., 2014; 
Flantua et al., 2015; Mayle et al., 2000); (2) expansion of seasonally 
dry tropical forest margins in the Chiquitanía region of lowland 
Bolivia and at the southern margin of the Cerrado (savanna) biome 
(Ledru, 1993; Oliveira-Filho and Ratter, 1995), the expansion of 
gallery forests in the central Brazilian savannas (Silva et al., 2008); 
(3) the development of dry forest in the Misiones region of southern 
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Brazil (Zech et al., 2009); and (4) the development and expansion of 
Araucaria forests in the southern Brazilian highlands (Behling and 
Pillar, 2007). This temporal pattern of forest expansion follows the 
trend of increasing rainfall through the mid–late-Holocene, pointing 
to a causal relationship (Figures 4 and 5). As previously suggested 
by other authors such as Behling (2002) and Marchant and 
Hooghiemstra (2004), we infer that progressive strengthening of the 
austral summer monsoon (and consequent reduction in length/sever-
ity of the dry season) over this period enabled forest expansion at the 
expense of more drought-tolerant savanna/grassland ecosystems. 
Furthermore, the recent study by Spracklen et al. (2012) based on 
remote sensing and pan tropical vegetation patterns has shown that 
the air that passes over extensive vegetation produces at least twice 
as much rain as air that passed over little vegetation. Therefore, the 
expansion of forest over more open areas must have also had a posi-
tive feedback on the increase of precipitation.
Discussion
The period of climate-driven forest expansion in SW Amazonia 
and SE South America (ca. 5k–1k cal. yr BP) encompasses the 
period of Tupi–Guarani expansion (~2.5k–1k cal. yr BP) across 
this region (Figures 4 and 5). High quality palaeoclimate data from 
Lake Titicaca can be considered as a ‘rain gauge’ for SW Amazo-
nia because most of the precipitation reaching this high Andean 
site is derived from advected Amazonian moisture delivered via 
the SALLJ. Progressive strengthening of the monsoon and 
increased moisture delivery via the SALLJ caused lake-level to 
rise by 90 m from its 6k cal. yr BP lowstand to reach near-modern 
levels by 3k cal. yr BP (Figure 6a, Figure S4, available online). By 
2.5k cal. yr BP, climate-driven rainforest expansion in SW Amazo-
nia (Mayle et al., 2000) may have been sufficient to facilitate the 
initial wave of expansion of the Tupi–Guarani out of Amazonia.
It is likely that rising precipitation through the mid–late-
Holocene (Figure 6a, Figure S4, available online) would have 
increased river levels (making them even more navigable by the 
Guarani culture) which in turn would have led to expansion of 
gallery forests within which new Tupi–Guarani villages could be 
established. Subsequent waves of Guarani expansion from 2k cal. 
yr BP until European Conquest (0.5k cal. yr BP) occur in phase 
with continued climate-driven forest expansion (Figure 5, Figure 
S5 and Movie S1, available online).
A comparison of the time of first increase in vegetation score 
and the age of the archaeological sites in SE South America clearly 
shows that forest expanded immediately before or concomitant 
with the arrival of the Guarani, within the limits of the chronologi-
cal resolution of our data. The general trend shows that, as the 
forest expands southwards, the Guarani colonisation ensues. For 
example, in the middle Paranapanema (22°S), forest expansion 
begins around 4k–3.5k cal. yr BP and vegetation fully converts to 
forest by 3k–2.5k cal. yr BP (Figure 6). The Guarani arrival in the 
Upper Paraná and later expansion to the Paranapanema soon fol-
lows at 2.5k–2k cal. yr BP. Increases in vegetation score occur 
later as one progresses further south, dating to 2.5k–2k cal. yr BP 
Figure 5. Archaeological and palaeoecological data at 0.5k cal. yr BP (500 year) time slices from 2k cal. yr BP to present (see Sections S1 and 
S2 and Movie S1 for visualisation in motion, available online). Maps of modern vegetation (Olson et al., 2001).
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in the middle Paraná (27°S) (Figures 4 and 5). This trend is imme-
diately accompanied by the Guarani expansion down the Paraná 
around 2k–1.5k cal. yr BP. Finally, in the Ibicuí river (30°S), the 
first increase in vegetation score takes place at 1.5k–1k cal. yr BP, 
preceding the southernmost movement of the Guarani towards the 
Paraná Delta (35°S) at 1k–0.5k cal. yr BP (Figure 5).
Conclusion
Although east–west migrations are in general more common than 
north–south movements because the former are less likely to 
encounter variation in climate and habitat (Diamond and Bell-
wood, 2003), the Guarani expansion from SW Amazonia to the 
Paraná River Delta constitutes a remarkable latitudinal shift. 
Arguably, it is the climatic link between these two end regions, 
created by the SALLJ (Figure S1, available online), and expan-
sion of the preferred Guarani environment (riverine forest) in a 
north–south direction, that allowed such a massive latitudinal 
expansion of the Guarani. The complex political organisation, 
long-distance village network and bellicose ethos of the Guarani 
(Noelli, 1998; Viveiros de Castro, 1992) were socio-political factors 
that certainly played a significant, proximal role in the Guarani 
expansion, but our data analysis suggests that climate change 
may have been the root cause that triggered the Guarani expansion 
across the broad temporal (millennial) and spatial (sub-continental) 
scales of our study. Our findings show that, by increasing the area 
of forested landscape that the Guarani could exploit, the climate-
driven forest expansion created an ecological opportunity that 
facilitated the expansion of the Guarani forest-farming culture 
over their preferred familiar landscape. Our results suggest that 
the most likely explanation for the timing of Guarani expansion, 
ca. 3k–2k cal. yr BP, is the climate-driven forest expansion across 
southern hemisphere South America at this time.
Other tropical agriculturalists which underwent major expan-
sion, such as the Bantu farmers in Africa, appear to have avoided 
rainforest, instead preferring savanna corridors and forest open-
ings that were likely caused by a mid–late-Holocene change to 
progressively drier climatic conditions (Grollemund et al., 2015; 
Oslisly et al., 2013). In contrast, the Guarani appear to have taken 
full advantage of climate-driven forest expansion to spread along 
the major rivers connecting southeastern South America with 
their ancestral homeland in SW Amazonia. As has been suggested 
for other climate-driven events of increased warfare and spread of 
fortified settlements (Field and Lape, 2010), the ecological oppor-
tunity offered by forest expansion might have also nurtured the 
Tupi–Guarani expansive ethos. Furthermore, the late-Holocene 
expansion of seasonally dry forests south of the Amazon likely 
eased Guarani spread because (1) soils beneath seasonally dry 
forest are generally less weathered, and thus more fertile, than 
those of humid evergreen forests, and (2) seasonally dry forests 
are easier to clear for agroforestry, the prolonged dry season 
enabling early farmers to efficiently clear vegetation and prepare 
plots for planting with the simple use of fire.
In conclusion, our results contrast with (1) traditional hypoth-
esis based on now outdated palaeoecological interpretations, 
which suggest that the reduction of forest during the purported 
dry period that took place around 2k cal. yr BP would have pushed 
the Tupi–Guarani farmers dependent on forest resources to 
migrate (Meggers, 1982; Migliazza, 1982) and (2) recent reviews 
which downplay the role of climate in the expansion of the Gua-
rani (Bonomo et al., 2015). On the contrary, they show that a more 
humid late-Holocene climate promoted the expansion of forest 
outside of Amazonia, which in turn, allowed the continental 
spread of the Amazon Tupi–Guarani forest farmers. Our interdis-
ciplinary investigation shows that the interaction of socio-cultural 
and environmental factors has been important in shaping human 
dispersal across South America.
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Figure 6. (a) Selected palaeoclimate records representing proxies for precipitation changes over the last 6k cal. yr BP, including lake-level 
changes as measured by δ13C at Lake Titicaca (Rowe et al., 2002); Pediastrum inferred lake-level change at Laguna La Gaiba (Whitney and Mayle, 
2012); δ18O of stalagmite BTV3A from Botuverá Cave (Wang et al., 2007) (Section S2, available online). Palaeoclimate data are shown in relation 
to HadCM3 simulated precipitation and calculated January insolation at 15°S (Berger and Loutre, 1991). (b) Vegetation scores of forested (green) 
and non-forested (yellow) palaeoecological sites. The vegetation scores are a representation of the proportion of palaeoecological sites that 
reflect open versus forested vegetation at a given time slice, with weighting applied according to the relative spatial coverage represented by each 
vegetation reconstruction (Section S3, available online). (c) Number of Guarani archaeological sites per 500-year time slices (Tables S1 and S2, 
available online). The curve shows maximum cumulative distance travelled at each time slice to colonise new areas out of Amazonia (Section S1 
and Figure S3, available online). The dashed line shows the probable distance travelled from the Tupían homeland to SE South America.
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